The study of the Sun in the UV spectral domain is essential for a better understanding of the physical processes taking place in the solar atmosphere. The main tools for this study are imagers and spectrometers. Nevertheless, the analysis of imagery data is rapidly limited unless spectral information is available, and the association of spectrometers and imagers is limited by the lack of coherence between the instruments. Therefore, the design of an imaging spectrometer in UV is a priority for solar physicists. In the far UV, only all reflective optical systems can be used thus an imaging Fourier transform spectrometer (IFTS) is the ideal candidate for the realization of such an instrument. The performances of an IFTS are given by the modulation efficiency. Theoretical study of performances and scientific objectives lead to technical and operating specifications. A mock-up of an IFTSUV has been built at IAS to validate the working principle. Its optical design and alignement are described in this paper. The first results are shown and discussed. Planned modifications of the design are also discussed.
INTRODUCTION
In the solar corona and transition region, temperatures can be as high as a few million Kelvin, matter is strongly ionized and magnetized and structures are rapidly evolving. Several slit spectrometers have been designed and used for the study of the Sun in the UV. Slit spectrometers have a very high spectral resolution, and a very high spatial resolution along the direction opposite to the dispersion of light. For example, SUMER on board the SOHO spacecraft has a resolving power of 38 000, and a spatial resolution of 1".
1 But slit spectrometers are not well adapted for the study of dynamic or explosive phenomena that occur in the solar atmosphere. It is not possible to distinguish a structure disappearing from a structure moving out of the small field of view of this type of instrument, especially when there is no context image in the same wavelength and at the same resolution. Combining imager and slit spectrometer data is also very difficult due to : differences in resolution (spatial and temporal), differences in wavelength or band pass, and imprecision in the coalignment of the images. There is a strong need in solar physics for an imaging spectrometer in UV with high spectral spatial and temporal resolutions. Among the forest of strong UV solar lines, the H-Lyman α line is especially interesting as it is the strongest line formed in the chromosphere. It is the main source of radiative loss in the upper part of the chromosphere and the knowledge of its spectrum is crucial for improving radiative transfer models. There have not been many imaging observations of the Sun in H-Lyman α, except for rocket data (TRC, 2 VAULT 3 ) and also with TRACE (although Lyman α observations are contaminated by the continuum above 150 nm). Therefore there are a few imagery data in Lyman α, and hardly no observation to be combined with spectroscopic data.
IMAGING SPECTROSCOPY IN UV
There are mainly 2 types of imaging spectrocopy systems : integral field units (IFU) and interferometric systems. In the first type, the field of view is split into spatial resolution elements that are imaged using a microlens array at the entrance of a slit spectrometer. In this case, there is an important loss of spatial resolution and information. The interferometric systems are based on Fabry Perot interferometers or Fourier Transform spectrometers based on two waves interferometers (Michelson, Mach Zender ...). Both types can image large fields of view but Fabry Perot are limited to small bandpasses, which are not well adapted for the rich spectrum of the Sun. Some of these solutions have not envisaged due to the specific constraints of designing an instrument for the far UV spectral domain.
UV specific constraints
Working in the far UV, in particular around H-Lyman α, constrains the choice of the optical design for the imaging spectrometer as there are only a few materials that do not absorb at these wavelengths. MgF 2 is the material the most commonly used, but it is not trasmitting below 115 nm and poorly transmitting at H-Lyman α (50% approximatively) ; transmitting systems are therefore not very efficient. It is hygroscopic and difficult to polish to surface roughnesses better than λ/4 (λ = 633 nm), which is insufficient for realising a quality beam splitter in interferometric systems. Reflective-only optical systems are the best choice for an imaging spectrometer, with optimised coatings mirrors which can reflect more than 80 % of the flux and mirror surfaces can be superpolished (up to 0.05 nm RMS). IFU and Fabry Perot use optics in transmission and are not able to image wide fields of view. Fourier transform spectrometers are therefore the most appropriate choice for an imaging spectrometer in the far UV designed to observe a large field (the solar disk is 33 arcmin wide).
Working principle of an IFTS
In Fourier transform spectrometry, the light to be analysed is fed into an interferometer. The intensity in each pixel of the interference pattern is recorded as a function of the optical path difference. This function is the Fourier transform of the spectrum. The interferometer used in FTS is usually a Michelson interferometer, its radial symmetry allows imaging capacities on a large circular field. Michelson interferometer works in parallel light so the light from the Sun is collimated by an afocal telescope before the interferometer and the light coming out of the interferometer has to be focused on the detector by another telsecope. Data obtained by an IFTS is a cube of 2D images, the third dimension is the wavelength. Figure 1 illustrates how a data cube is obtained. An interference image is recorded for each step of the total optical path difference, this creates a first data cube. A pixel section of this cube gives the interferogram for this pixel. The Fourier transform of this interferogram produces the spectrum of the light from this pixel. This last operation produces the final data cube formed of quasi monochromatic images. 
Comparison with other imaging spectroscopic systems
In comparison with slit spectrometers, FTS have two well know advantages : Felgett (or multiplex) and Jacquinot (or etendue) advantages. Respectively, FTS record information from the complete spectral domain during one exposure time, and at equal resolving power, FTS can have a larger aperture. The spectral resolution of an IFTS depends on the total optical path difference that can be obtained between the two arms of the interferometer and by the field of view of the intrument. It is given by equation 1, 4 where φ is the total angular field of the instrument, D the aperture of the telescope and d the diameter of the field in the interferometer.
Spectral coverage is theoretically illimited and in practice, it is only limited by the bandpass of the filter in the instrument. An other great advantage of IFTS on other spectrometers is versatility : the spectral resolution can be changed, in flight, by reducing the number of samples per data cube or by working with sub-fields. IFTS parameters can be adapted to different scientific objectives from full field low resolution imaging spectroscopy to small field high cadence high resolution imaging spectroscopy. IFTS have given very good results in visible and IR spectral band but an IFTS in UV has nerver been built. The idea has been suggested by Connes in 1959( 5 ). One attempt was made by the University of Wisconsin in 1975 ( 6 ), the instrument was tested in visible and had a very low resolving power (60). The most recent attempt to make imaging spectroscopy in the UV is MOSES (Multi Order Solar EUV Spectrograph) which is an overlappograph : 3 images of the Sun are made by concave grating in the orders -1, 0 and +1 ( 7 ). The spectral bandpass is very small (2 nm) and some difficulties remain in the inversion of the data.
CONCEPT STUDY
The instrument studied at IAS is not dedicated to a mission in particular, but in order to demonstrate the working principle and the feasability of such an instrument, a list of baseline specifications have been decided and is reported in table 1.
As explained in the previous section, it is necessary to design a reflective-only instrument. Therefore the beamsplitter in the Michelson interferometer in the IFTS cannot work in transmission. The solution chosen here is to use 3 identical reflecting diffraction gratings to split the incident beam in two (amplitude division) with zero spectral dispersion ; this part of the interferometer also performs the spectral selection. The system is illustrated in figure 2. Before building a mock-up at IAS, a study of the theoretical performances of an IFTSUV has been made.
Theoretical study of performances
The performances of an IFTS are related to the modulation efficiency of the interferometric part of the instrument. The main factors influent on the performances are : the grating efficiency, the optical quality of the mirrors and gratings, the precision of the alignment and the quality of the sampling. The modulation efficiency is maximum when interfering beams has the exact same amplitude. Here, the 3 gratings have to be perfectly identical and their efficiencies in the orders -1 et + 1 have to be equal. In practice, the 3 gratings have to come from the same batch and in that case the difference of efficiency between the two orders is less than 3 %. The optical surfaces have to be of sufficient quality to comply with the Rayleigh criterion that is : the wavefront errors of the beam coming out of the interferometer have to be less than λ/13 RMS (λ = 633 nm). A simulation of the influence of this parameter has been done and the result is given in figure 3 on the top left graph. The alignment of the optical surfaces impacts on the modulation efficiency only in the interferometric part of the instrument where the beams follow different paths. A global difference of orientation of the surfaces between the two arms of the interferometer induces a variation of the optical path difference. Considering circular surfaces with a small tilt angle θ the contribution of the optical alignment to the modulation efficiency is given by the equation :
where R is the semi diameter of the beam in the interferometer. The modulation efficiency as a function of the tilt angle is given for different wavelengths in figure 3 on the bottom left graph. The modulation efficiency as a function of the tilt angle is given for different wavelengths and different beam sizes in figure 3 on the top right graph. The spectral resolution of the instrument in a fixed band pass is given by the sampling. A constant error on the sampling step leads to a variation of the spectral resolution. A random error on the sampling step produces an irregular interferogram, which diminishes the amplitude of the modulation leading to a decrease in the power spectrum as shown in figure 3 on the bottom right graph. The decrease is around 20% for a sampling error of +/-5 nm.
Specifications
The theoretical studies of the performances of an IFTSUV lead to important conclusions on the technical parameters to be taken into account before building such an instrument. 8 The parameters are inter dependent, the number of optical surfaces in the instrument constrain the other parameters. The specifications deduced from this study are summarized in table 2.
Simulations
Before building a mock-up, several simulations of an IFTSUV have been made using Zemax ray tracing software. The surface roughness of the optical surfaces has been simulated using Zernike polynoms to define the surface. The different factors affecting the modulation efficiency have been simulated and results are coherent with the theoretical studies. For example on figure 4 , the effect of misalignment of the optical surfaces in the interferometer part of the instrument is shown.
IFTSUV MOCK-UP
Theoretical studies and simulations have validated the working priciple of the IFTS for the UV spectral domain. They have also shown that technical constraints are strong. Nevertheless, a mock-up of an IFTSUV has been designed and built at IAS. It has been aligned and tested in the visible light.
Choice of the optical design
The choice of the optical design for the mock-up has been constrained by several parameters. It has been decided to work in air ; therefore the UV wavelength for tests is chosen around 200 nm. In order to have a spectral resolution of 0.05 nm, the total optical path difference has to be approximatively 800 µm, the number of sampling steps is 7609, each step is 210 nm long. In order to have a good quality of sampling, the moving mirror of the Michelson interferometer has to be placed on a nanopositionning transition stage. At the time of the realisation of the mock-up, the longest travel available for piezo nanopositionning translation stage was 200 µm. The solution to get the 800 µm needed was found to use a mirror reflecting on both sides, the mirror step being then 52.5 nm. The optical design chosen for the mock-up is illustrated in figure 5 . The instrument works on two levels because the two arms of the interferometer are recombined using an off axis parabola. The interference only occurs at the focus of the off axis parabola where the two images created by the two arms of the interferometer are superposed. The mock-up has a visible path for test and control of the alignment and a UV path for nominal use.The two paths are distinct : the visible one is in autocollimation on the diffraction gratings that are used as plane mirrors at this wavelength. The visible source is a red laser (633 nm), the UV source is composed of a white light Xenon lamp that produces a continuum and of a NePt hollow cathod lamp that emits lines.The visible path and the UV paths are separated using dichroic plates. The visible detection system uses a CCD and the UV detection system an electron multiplying CCD.
Mock-up construction and alignment
The main difficulty in the realisation of the mock-up is the alignment of the optical surfaces. All surfaces have been aligned by reference to the central diffraction grating. The control of the orientation of the surfaces has been made with an auto collimator with a precision of 0.3". The optics at the superior level belong to two separate plateforms. The alignment between the two platerforms is maintained using rigid arms between them. The position and orientation of the off axis parabola has been done using a shear plate interferometer and a wavefront analyser. The interferometer is tuned at zero optical path difference with laser telemetry at a precision of 1 mm. When the optics are mecanically aligned, the instrument is tested in visible light : the position of the mirror is scanned and the contrast of the fringes indicates the quality of the alignment.
TESTS OF THE MOCK-UP

Results in the visible
First, the nanopositioning translation stage was tested. It appeared that the stage was not moving parallel to the optical axis ; as a consequence, the superposition of the two images was not permanent during the scan. The stage has 3 axis so a compensation of this misalignment was possible step by step. Several interferograms where recorded using a red and/or a green laser, and spectra were calculated. A typical result is shown in figure 6 . The contrast of the fringes varies from 5% to 10% maximum. The irregular aspect of the interferogram is mainly due to random error in the positionning of the stage and also to an imperfect compensation of the displacement of the stage. The spectral resolution and resolving power obtained during the tests in visible light are given in table 3. Tests were also made in visible light to improve the zero optical path difference (ZOPD) position but gave no significant result. The IFTSUV mock-up was also tested in UV light, but no interference image has been detected yet, probably because the instrument is set too far from the ZOPD position and maybe because flux loss is too important.
Technical challenges and difficulties
The results of the tests in the visible reveals several difficult points in the realization of the mock-up. First, visible and UV paths should be identical or very close in order to have a metrology path in the mock-up. In order to achieve that, a two level 3 grating system has to be designed to split UV and visible light with the same angle of diffraction ; this system is illustrated in figure 7 . This would allow to have a close loop servo control of the optical path difference. The choice of folding the beam to use both sides of the moving mirror implies 2 unnecessary reflexions and contributes to the increase of the random error in positionning. The choice of the recombination by the off axis parabola while limiting the number of reflexions on the diffraction gratings is an important source of misalignement as the interference only occurs at the focus where the two wavefronts are superposed. Finally, the instrument is very compact but this is a drawback during the alignment phase as measurement devices are difficult to implement in the optical set-up.
DISCUSSION
The work done at IAS on the mock-up of an IFTSUV validated the working principle of such an instrument and pointed out technical difficulties in the realization. Several modifications of the mock-up are under study. The implementation of a metrological path is a priority. Another modification would be to use the diffraction gratings to split and also recombine the beams from the two arms of the interferometer. This would decrease the constraint on the orientation of the surfaces as the interference will not occur only at one point. A possible solution for the interferometric part is illustrated in figure 8 . The realiz a*tion of an IFTSUV is an ambitious project, and the need of such an instrument expressed by solar scientists is a motivation to carry on the project with the proper financial and time budget. This work was supported by CNES and Alcatel Alenia Space through a thesis grant.
